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ABSTRACT 
 
 
The surface area of inhaled particles deposited in the alveolar region, as 
reported by the TSI nanoparticle surface area monitor (NSAM), was compared with the 
corresponding value estimated by a TSI scanning mobility particle sizer (SMPS) for a 
range of environmentally relevant aerosols, including petrol emissions, ETS, laser printer 
emissions, cooking emissions and ambient aerosols. The SMPS values were based on a 
mobility size distribution assuming spherical particles using the appropriate size-
dependent alveolar-deposition factors provided by the ICRP.  In most cases, the two 
instruments showed good linear agreement. With petrol emissions and ETS, the linearity 
extended to over 103 μm2 cm-3. With printer emissions, there was good linearity up to 
about 300 μm2 cm-3 while the NSAM increasingly overestimated the surface area at 
higher concentrations. The presence of a nucleation event in ambient air caused the 
NSAM to over-estimate the surface area by a factor of 2. We summarize these results 
and conclude that the maximum number concentration up to which the NSAM is 
accurate clearly depends on the type of aerosol being sampled and provide guidance for 
the use of the instrument. 
 
 
Keywords :  Particle surface area, Particle size, Particle morphology, Alveolar deposition,  
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1. INTRODUCTION 
 
Lung deposition is the main pathway of airborne particles into the human body 
with the potential to cause adverse health effects. Airborne particulate matter (PM) has 
been associated with many adverse health effects such as asthma, respiratory and 
cardiovascular diseases (Russell and Brunekreef, 2009). Epidemiological studies have 
shown a direct link between particle number concentration and ill health (Oberdorster 
et al., 2005; Sioutas et al., 2005). Particle size is an important parameter because the 
surface area of a given mass of small particles is much greater than that of the same 
mass of larger particles. Since the amount of toxins that a particle can carry is directly 
proportional to its surface area, it is likely that smaller particles, in particular those 
smaller than 100 nm – the so called ultrafine particles, will play a more important role in 
causing severe health effects (Stoeger et al., 2006). Smaller particles have a higher 
specific surface area (area per unit mass) than coarser particles. Therefore, estimating 
exposures to a certain level of particles by their mass concentration, may grossly 
underestimate their associated health risks. For that reason, total particle surface area is 
considered to be an important parameter in health effects requiring more investigation 
(Giechaskiel et al., 2009). 
 
Presently, there is no exposure standard for aerosol surface area. This is partly 
because of the lack of information on the importance of this parameter and the 
interpretation of the measurement itself. Surface area is a purely operational term since 
the actual parameter that is measured by each device depends on the physical principle 
of operation. For example, instruments based on diffusion charging assume that the 
charge acquired by the particle is proportional to the ‘surface area’ or to be more 
specific – the ‘ion accessible surface area’ of a particle. For this reason, some workers 
prefer the term ‘equivalent surface area’, similar to ‘equivalent diameter’. No aerosol 
measuring device measures geometrical area directly.  
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A convenient technique has been the derivation of surface area from particle 
number size distribution measurements obtained with a Scanning Mobility Particle Sizer 
(SMPS). However, this method has many limitations. Firstly, the SMPS measures the 
mobility diameter of the particles and not the geometrical diameter. The surface area is 
related to the geometrical diameter and not to the mobility diameter. More 
importantly, airborne particles, particularly vehicle emission particles such as soot, are 
not spherical in shape and are often found in the form of long chain like structures 
(Maynard and Aitken, 2007; Park et al, 2003, 2004). This makes it very difficult to 
calculate their surface areas from their effective mobility equivalent diameters without 
knowledge of the particle morphology. In order to overcome this problem, a number of 
studies have utilized a combination of TEM and size distribution data to obtain a more 
accurate surface area estimate (Park et al., 2003, 2004; Lall and Friedlander, 2006; Ku 
and Maynard, 2005; Ku and Kulkarni, 2012). 
 
The Nanoparticle Surface Area Monitor (NSAM) monitors particles in the air and 
uses an algorithm to estimate the total surface area of particles that are deposited 
either in the alveolar or the tracheobronchial region of the human lung in real time 
(Asbach et al., 2009; Fissan et al., 2006). The instrument has been used in many 
applications to compare its response with other instruments and to investigate the 
structure of ultrafine particle agglomerates (Bau et al, 2012; Wang et al, 2010; Ku and 
Kulkarni, 2012) and to estimate exposure to nanoparticles in various environments such 
as in pizzerias (Buonanno et al., 2010) and in automotive plants (Buonanno et al., 2011).  
 
While the NSAM is the most widely used instrument for the determination of the 
surface area of particles deposited in the lungs, the SMPS is the instrument that is most 
commonly used for size distribution measurements. Therefore, the aim of this study was 
to assess the performance of the two instruments by comparing the "NSAM-derived 
surface area" with "SMPS-derived mobility equivalent surface area" with the specific 
objectives of investigating their response to different types of aerosols, their size and 
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number concentration. The novelty of this study is the large number of aerosols that 
have been investigated. Comparing the varied response of the two instruments to the 
different aerosols emphasises the importance of taking the morphology and structure of 
the aerosols into account. The findings are of importance in assessing the exposure and 
deposition of aerosols in the human respiratory system and illustrate the limitations of 
the two methods. 
 
 
2. METHODS 
 
In this study, we used an SMPS and an NSAM, operating side by side, sampling 
from the same ultrafine particle source at the same time. The instruments sampled 
through two identical conductive rubber tubes, each of internal diameter 4 mm and 
length 900 mm. In previous experiments we have determined that the particle losses for 
various aerosols in the ultrafine particle size range through similar tubes were less than 
1%. 
The NSAM was used to determine the deposition in the alveolar region of the 
lung, as it has been shown that, during inhalation, ultrafine particles are much more 
likely to be deposited in the alveolar region than in the tracheobronchial region (Asbach 
et al., 2009). The alveolar-deposited surface area of the particles in unit volume of 
inhaled air, as reported by the NSAM, was compared with the corresponding factor 
estimated from the SMPS size distributions weighted by the alveolar-deposition factors 
provided by the International Commission on Radiological Protection (ICRP, 1994). 
Various size ranges of the SMPS distributions were investigated in order to estimate the 
optimum response size range of the NSAM. Recognizing the possibility that the NSAM 
response would be affected by the type of particles used, we repeated the experiments 
with ultrafine particles derived from several different sources such as petrol emissions, 
environmental tobacco smoke (ETS), indoor cooking emissions, laser printer emissions 
and ambient air. 
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2.1 Instrumentation 
 
2.1.1 The NSAM 
The TSI model 3550 NSAM is designed to measure the total surface area of 
particles deposited in the human lung of a reference worker (Fissan et al., 2006). It 
should be noted that the NSAM does not report the total surface area of particles 
suspended in the air but, rather, the total surface area of the particles that are 
deposited in the lung in units of µm2 cm-3. Its principal of operation is based on diffusion 
charging of sampled particles, followed by detection of the aerosol using an 
electrometer. The sampled air enters the instrument at a flow rate of 2.5 L min-1 
through an inlet cyclone that removes all particles larger than 1 µm. The flow is split, 
with 1 L min-1 passing through a particle filter and an ionizer, and the balance 1.5 L min-1 
being measured as aerosol flow. The flows are recombined in a mixing chamber where 
aerosol particles are made to undergo positive unipolar charging by diffusion. The 
charged aerosol passes through a trap to remove excess ions and desired amount of 
small particles. The voltage applied to the trap determines the amount of particles 
removed along with the ions. The aerosol stream is then passed on to an electrometer 
which determines the total current present on the particles. From the total current and 
the air flow rate the instrument estimates a total surface area of the particles in a given 
volume of air. As the instrument estimates the surface area from the deposited electric 
charge and does not measure the actual surface area directly, ‘surface area’ shall refer 
to the ‘equivalent surface area’ right through this paper. 
 
The device can be set to measure the deposition in either the tracheobronchial 
(TB) or alveolar (A) regions of the lung, by simply switching between two values of the 
ion trap voltage (Asbach et al, 2009). The ion trap voltage can be adjusted to manipulate 
the particle size distribution and, thereby, two voltages that best reflect the deposition 
in the two regions of interest have been selected in accordance with the deposition 
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fraction of particles as a function of their size as tabulated by the International 
Commission on Radiological Protection (ICRP, 1994). The ICRP model deposition curves 
have been derived for a worker with a functional residual capacity of 3301 cm3, 
breathing through the nose at a rate of 20 breaths min-1 and a ventilation rate of 1.5 m3 
h-1.  
 
Asbach et al (2009) showed that, since very few particles larger than 100 nm 
penetrate into the alveolar region, the contribution of these particles to the alveolar-
deposited surface area reported by the NSAM is negligible. At the lower size end, 
particles smaller than about 20 nm contributed only negligibly to the total surface area. 
Therefore, they concluded that the instrument could only be reliably used for the size 
range of ultrafine particles between 20 and 100 nm. 
 
2.1.2 The SMPS 
 
 Two models of the SMPS were used in this study. For the indoor cooking 
emission studies, we used the TSI model 3936 with a TSI model 3775 CPC giving a 
detectable particle size range of 15 to 685 nm. For all other studies, we used a TSI model 
3071 electrostatic classifier (EC) and a TSI model 3781 condensation particle counter 
(CPC) set to give a detectable particle size range of 9.8 to 400 nm.  The particle number 
concentrations were recorded for each of 107 size bins. A complete scan was obtained 
in a time period of 120 s. The associated TSI software calculated the total particle 
number concentration, the count median diameter (CMD) and the particle surface area 
size distribution (nm2 cm-3), assuming that the particles were single spheres. 
 
 
2.2 Study Design  
 
2.2.1 The Chamber Experiments 
8 
 
This part of the study was carried out in a 1 m3 chamber in the laboratory. The 
chamber was first flushed with filtered air until the particle number concentration was 
below 1 cm-3 before the test particles were introduced. A small fan was used to mix the 
cloud. The monitoring instruments were placed outside the chamber with the sample air 
from within the chamber being drawn through the two conductive rubber tubes to the 
SMPS and NSAM. Several types of particles were used and the various methods used to 
produce them are described below. 
 
Petrol emissions were introduced into the chamber by means of a short 5 s burst 
of the exhaust from a portable petrol generator. Clean air through a HEPA filter was 
introduced into the chamber to reduce the concentration to a suitable level. Similarly, 
ETS was introduced by inserting a lit cigarette into the chamber for 5 s. A laser printer 
was placed on the floor of the chamber and allowed to print 50 A4 sheets with a toner 
coverage of 5%. The experimental details of this technique are described in detail in 
Morawska et al (2009b). Once the printing had ended, the number concentration of 
particles in the chamber was allowed to stabilise before the measurements were 
commenced. In all cases, the measurements continued as the particle concentrations in 
the chamber steadily decreased. 
 
2.2.2 Indoor Cooking Environment 
It is well-known that significant number of indoor particles is produced during 
cooking activities (Buonanno et al, 2009). In order to replicate a suitable indoor cooking 
environment, for this part of the study, we selected a local pizzeria using a wood burner 
located in central Italy. The SMPS and NSAM were placed at the centre of the pizzeria 
and the following test procedure was followed: one hour of background concentration 
measurements in the pizzeria before wood ignition in the oven, followed by 
measurements over a period of 3-5 hrs up to the end of the cooking activity. For more 
details, see Buonanno et al, (2009, 2010). During the tests, the predominant aerosol 
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source was the wood-fired oven, since smoking is not permitted in restaurants and 
pizzerias in Italy. 
 
2.2.3 Ambient particles 
This part of the study was conducted with ambient particles. The two instruments, 
SMPS and NSAM, were set up in the open for periods of two weeks at each of three 
outdoor urban locations in Brisbane, Australia. Although, all three locations were 
situated away from the direct influence of busy traffic, the particles were dominated by 
vehicle emissions. The two instruments were placed in a mobile trailer and the sample 
air was drawn through the two identical rubber tubes from a height of about 2 m above 
the ground.  
 
 
2.3 Data Analysis Methods 
  
 In order to compare the total surface areas of the particles with the SMPS and 
the NSAM, it was necessary to use the same particle size range for both instruments. 
Asbach et al (2009) showed that particles smaller than 20 nm contributed negligibly to 
the total surface area reported by the NSAM. Therefore, for the purpose of this 
comparison, we limited the lower size of the SMPS data to 20 nm. Since the two SMPS’s 
were operated in the size ranges 9.8 to 400 nm and 15 to 685 nm, the upper size limit of 
the data was limited to 400 nm. This size range of 20-400 nm was consistent with the 
experiments of Asbach et al (2009). In order to calculate the alveolar-deposited particle 
number concentration, the SMPS particle number concentration in each size bin in the 
range 20-400 nm was multiplied by the corresponding deposition fractions provided by 
ICRP (1994). Typical values of the deposition fraction in the alveolar and 
tracheobronchial regions of the human lung as given by ICRP (1994) are shown for 
selected particle sizes in Table 1. The alveolar-deposited particle number concentration 
in each SMPS size bin was then converted to the equivalent surface area of the particles 
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assuming spherical particles. The total alveolar-deposited surface area concentration 
(µm2 cm-3) was calculated by integrating over the entire size range of interest. This value 
was compared with the corresponding value reported by the NSAM. 
 
This procedure was repeated for all the other aerosols investigated. The ambient 
air data were classified into two groups, according to whether there was a nucleation 
event or not. The NSAM reading was plotted against the corresponding SMPS reading 
for various aerosol concentrations. The responses of the two instruments were 
compared by calculating the slopes of the straight lines obtained. A slope close to 1.0 
would indicate good agreement between the two instruments, greater than 1.0 would 
indicate that the NSAM was over-estimating the surface area and less than 1.0 
suggested that the NSAM was under-estimating the surface area. 
 
Table 1 
 
2.4 Assumptions 
 
While the fractal shape and density of diesel emission particles have been well 
researched (see for example, Park et al, 2003, 2004; Virtanen et al, 2002), there is very 
little information for the other types of aerosols used in this study, namely petrol 
emission particles, environmental tobacco particles and printer-generated particles. The 
precise nature of the cooking generated particles and ambient air particles in this study 
were unknown. As such, it was not possible to derive any values of fractal shape factors 
or densities for these particles. Rather than assuming unknown values and deriving 
uncertain results, we have made the assumption that all particles are spherical with a 
shape factor of unity. From the information available for diesel particles, for example, 
Maricq and Xu (2004), Park et al. (2003, 2004), we estimate that, when making this 
assumption, the error in surface area of a particle is about 6% at 50 nm. While the two 
equivalent sizes drift apart as the particle size increases and the shape factor deviates 
11 
 
more and more from unity, the difference in deposition fractions of particles in the 
human lung when replacing the mobility diameter with the aerodynamic diameter 
becomes important only at larger sizes where the deposition fractions in the lung are 
relatively small. For example, Asbach et al (2009) showed that noticeable differences 
can be seen only for large particles (>200 nm). The fraction of particles of this size that 
are deposited in the alveolar are about 10% and with the aerosols used in our study, 
there were very few particles of this large size. For these reasons, we consider fractal 
shapes and densities of the particles used in this study to be outside the scope of this 
paper. 
 
 
3. RESULTS AND DISCUSSION 
  
3.1 Petrol Emission Particles 
 
 About a minute after introducing the petrol emissions into the chamber, the 
SMPS reported a maximum particle number concentration of 9.0 x 105 cm-3 with a CMD 
of 79 nm. The introduction of clean air reduced the concentration to 1.55 x 105 cm-3. 
Thereafter, the concentration steadily decreased to 4.24 x 104 cm-3 over the next 30 
min, during which time the two instruments sampled continuously showing an increase 
in the CMD from 111 nm to 118 nm due to coagulation. The number concentration of 
particles deposited in the alveolar region, as calculated for each SMPS scan using the 
ICRP deposition fractions, decreased from 3.33 x 104 cm-3 to 8.76 x 103 cm-3, indicating 
that the fraction of inhaled particles by number in this size range deposited in the 
alveolar region remained fairly constant at about 21%. The initial surface area 
concentration of the particles in the chamber was 7.40 x 109 nm2 cm-3 while the 
corresponding surface area concentration of the particles deposited in the alveolar 
region was 1.39 x 109 nm2 cm-3 – a fraction of 19%. 
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Figure 1 shows a typical set of size distribution curves for petrol emission 
particles obtained from the data collected by the SMPS. In Figure 1(a), the upper curve 
(I) shows the number size distribution of the inhaled particles which is the same as that 
in the chamber while the lower curve (D) shows the number size distribution of particles 
deposited in the alveolar region as calculated using the ICRP deposition fractions. In this 
SMPS scan, the total number concentration in the chamber within the size range 20-400 
nm was 1.3 x 105 cm-3. The number concentration depositing in the alveolar region, as 
derived by integrating over the size distribution, was 2.8 x 104 cm-3, confirming the 
general finding that approximately 21% of the inhaled particles by number in this size 
range were deposited in the alveolar region. 
 
 Figure 1(b) shows the two corresponding surface area size distribution curves, 
derived by multiplying the values in Figure 1(a) by the surface area of a particle in each 
SMPS size bin. Therefore, in Figure1(a), the upper curve (I) shows the surface area size 
distribution of the particles that are inhaled and the lower curve (D) shows the surface 
area size distribution of particles deposited in the alveolar region in units of nm2 cm-3. 
The respective total surface area concentrations in the size range 20-400 nm were 6.5 x 
109 and 1.2 x 109 nm2 cm-3, confirming that the total surface area of the particles 
deposited in the alveolar region comprised nearly 19% of the total surface area of the 
inhaled particles in this size range. The corresponding value reported by the NSAM was 
1.3 x 109 nm2 cm-3, suggesting that, within the size range 20-400 nm, the two 
instruments were consistent within 10%. Figure 2 also confirms the finding of Asbach et 
al (2009) that, at least in this case, particles smaller than 20 nm contributed negligibly to 
the total surface area. 
 
Fig 1 
Figure 2 shows a graph of the mean NSAM alveolar-deposition value against the 
total particle surface area concentration in the size range 20-400 nm deposited in the 
alveolar region as estimated from the SMPS. All data points are from the same 
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experiment and each point corresponds to a single SMPS size scan. Thus, any two 
neighbouring points are separated in time by 2 min. The relationship between the two 
parameters showed a very good linearity with R2 = 1.00 (p<0.01) and a best slope of 1.07 
with little variation throughout the concentration range, indicating that the NASM is 
reporting a value that is 7% higher than the SMPS. 
  
 Fig 2 
 
 
3.2 Environmental Tobacco Smoke (ETS) 
 
 
Once the lit cigarette had been retrieved from the chamber, the particle number 
concentration reached its maximum value of 2.99 x 105 cm-3. Then, the concentration 
steadily decreased to 8.04 x 104 cm-3 over the next 30 min. During this time, the two 
instruments continued to sample and the CMD was observed to increase from 102 nm 
to 120 nm due to coagulation. The number size distributions are not shown here but, as 
for the petrol emission particles, they displayed a good log normal trend. The number 
concentration of particles deposited in the alveolar region, as calculated using the ICRP 
deposition fractions, decreased from 6.9 x 104 cm-3 to 1.7 x 104 cm-3, indicating that the 
fraction of inhaled particles by number in this size range deposited in the alveolar region 
varied from 23% to 21%. The initial surface area concentration of the particles in the 
chamber was 1.8 x 1010 nm2 cm-3 while the corresponding surface area concentration of 
the particles deposited in the alveolar region was 3.0 x 109 nm2 cm-3 – a fraction of 
16.5%. 
 
Figure 3 shows the mean NSAM alveolar-deposition reading against the total 
particle surface area concentration in the size range 20-400 nm deposited in the 
alveolar region as estimated from the SMPS for ETS particles. Once again, as for the 
petrol emissions, the two parameters showed a very good linearity with R2 = 1.00 
(p<0.01) and a best slope of 0.78 with little variation throughout the concentration 
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range. This shows that the relative response of the two instruments does not depend on 
the concentration, at least up to a number concentration of 3 x 105 cm-3 with the 
surface area of the alveolar-deposited particles reported by the NSAM being 
consistently about 22% lower than that calculated from the SMPS data. We do not have 
a definite answer for this behaviour and can only speculate that the NSAM was missing 
some of the particles at the large size end. 
  
 Fig 3 
 
  
3.3 Printer Emission Particles 
 
 Printing 50 sheets of paper produced a maximum particle number concentration 
of about 1.3 x 105 cm-3 in the size range 20-400 nm with a CMD of 56 nm. The total 
number concentration of particles deposited in the alveolar region, calculated from the 
ICRP deposition fractions, was 4.0 x 104 cm-3,  indicating that approximately 31% of the 
inhaled particles by number in this size range were deposited in the alveolar region. This 
is significantly higher than the corresponding percentages for petrol emission and ETS 
particles and may be explained in terms of the higher deposition efficiencies of the 
significantly smaller sized printer-emitted particles (56 nm) when compared to petrol 
emissions (79 nm) and ETS (102 nm). The alveolar-deposition of 50 nm particles is about 
50% greater than that of 100 nm particles (Table 1). 
  
Figure 4 shows the surface area size distributions of the particles in the chamber 
(I) and (D) deposited in the alveolar region. The respective total surface area 
concentrations in the size range 20-400 nm were 1.6 x 109 and 4.2 x 108 nm2 cm-3, 
indicating that the total surface area of the particles deposited in the alveolar region 
comprised nearly 26% of the total surface area of the inhaled particles in this size range, 
again higher than with petrol emission and ETS particles. The corresponding value 
reported by the NSAM was 5.2 x 108 nm2 cm-3, suggesting that the NSAM was detecting 
a larger surface area than the SMPS in the size range 20-400 nm. This large difference of 
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about 24% could not have been due to particles smaller than 20 nm as Figure 4 shows 
the contribution from particles in this size range is very small. However, we do know 
that, unlike petrol emission and ETS particles, particles produced by laser printers are 
semivolatile and have a different morphology (Morawska et al, 2009b). Thus, we 
conclude that the nature of the particles, particularly their effective density and shape 
factor, as discussed in the introduction, must be considered in predicting the response 
of the NSAM. 
 
Fig 4 
 
Figure 5 shows the mean NSAM alveolar-deposition against the total particle 
surface area concentration in the size range 20-400 nm deposited in the alveolar region 
as estimated from the SMPS as the total number concentration of the printer-generated 
particles decreased from about 1.3 x 105 cm-3. While the readings on the two 
instruments showed good consistency at the lower-end of the particle number 
concentration, they diverged increasingly as the concentration increased. At the highest 
concentration, the value reported by the NSAM exceeded the value from the SMPS by 
over a factor of 2. At surface area concentrations up to about 300 μm2 cm-3, there is a 
linear relationship with a slope of 0.96 (R2=0.98, p<0.01) while at higher concentrations 
the relationship becomes exponential (R2=0.99, p<0.01). This experiment was repeated, 
once more yielding an identical result with a transition from linear to exponential at a 
surface area concentration of 300 μm2 cm-3. 
 
Fig 5 
 
 
3.4 Indoor Cooking Particles 
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Figure 6 presents the surface area deposited in the alveolar region of the 
respiratory system as measured by the NSAM and SMPS in the pizzeria. The trends can 
be divided into three time periods before the decay of the particle concentration. First, 
the background measurements until 18:00, the second from 18:00-20:00 with only 
wood burning in the oven. In the latter period, we observed a constant increase in 
concentration. The third period was the cooking period, from approximately 20.00-
22.00, when a peak is observed. The peak is partially due to the additional particle 
emissions from the pizzas when they exit from the oven and enter the domain of the 
pizzeria but, in particular, to the strong reduction of the hood efficiency (Buonanno et 
al., 2010).  
 
Fig 6 
 
Figure 7 shows the mean NSAM alveolar-deposition against the total particle 
surface area concentration in the size range 20-400 nm deposited in the alveolar region 
as estimated from the SMPS for indoor cooking particles. The two parameters showed a 
good linear relationship with R2 = 0.90 (p<0.01) and a best slope of 1.04 with greater 
variation at concentrations higher than 200 µm2 cm-3. 
 
Fig 7 
 
 
 
3.5 Ambient Particles 
 
 
 On weekdays, the particle number concentration in the air followed the typical 
urban background pattern, with maxima during the morning and afternoon rush hour 
periods and sometimes during the middle of the day when particle formation events 
occurred (Morawska et al, 2009a).  Particle formation did not occur on all days and not 
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during all rush-hour periods, but could be identified by the presence of a nucleation mode 
in the SMPS size distributions.  
 
The ambient data from the three locations were classified into two groups, according 
to whether there was a nucleation event, or not. Figure 8 shows two typical SMPS particle 
number size distributions during a non-nucleation event and nucleation event. The filled 
points are within the size range 20-400 nm and were used in the calculation while the 
hollow points were below 20 nm and discarded. The respective particle number 
concentrations and CMD for these two scans are indicated. The mean daily particle 
number concentration over the times with no nucleation ranged from 2.1 X 103 to 4.4 X 
103 cm-3 with a CMD from 42 - 57 nm. Nucleation generally occurred during the middle of 
the day when the total particle number concentration increased to between 2.4 X 104 and 
3.7 X 104 cm-3 with the CMD falling to 18 - 27 nm.  The corresponding number 
concentration between 20-400 nm was between 1.0 X 104 and 1.7 X 104 cm-3. The 
percentage of particles depositing in the alveolar region ranged from about 30% at times 
with no nucleation to about 40% when there was nucleation. The fraction of surface area 
of the particles depositing in the alveolar region to that in the ambient air ranged from 
about 22% with no nucleation to about 28% when there was nucleation. 
 
Fig 8 
 
 The SMPS versus NSAM straight line plots showed distinctly different slopes for 
the two cases – non nucleation and nucleation, with the latter being significantly higher 
(Figure 9). During non-nucleation times, the NSAM reading was 17% higher than the 
calculated value from the SMPS in the size range 20-400 nm.  When there was nucleation, 
the slope increased significantly, with the NSAM reporting values typically higher than 
twice the SMPS-calculated value. From Figure 8, we see that, during nucleation, a 
substantial number of particles lie in the size range below 20 nm. These were not 
included in the SMPS calculation. This result shows that the conclusion of Asbach et al 
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(2009) that particles smaller than about 20 nm contributed only negligibly to the total 
surface area is not true when there are large numbers of particles present in this size 
range as during a nucleation event in the atmosphere. It is clear that some of these 
particles are being registered by the NSAM and making a significant contribution to its 
reading. This should be taken into consideration when using the NSAM in nucleation 
conditions. 
 
Fig 9 
  
 
 
4. Summary and Conclusions 
 
 
Table 2 gives a summary of the observations of this study. The particle number 
concentrations (PNC) are restricted to the size range 20-400 nm. The Slope is for the 
NSAM versus SMPS straight line through the origin. 
 
Table 2 
 
The fraction of particles deposited in the alveolar region is critically dependant on size 
(Table 1). Printer and cooking emission particles, and ambient air particles with no 
nucleation mode have a CMD in the 49-56 nm range and gave an alveolar-deposition of 
about 30%. Petrol emissions and ETS, both have a CMD of around 115 nm, and showed a 
smaller deposition fraction of just over 20%. At the other end of the spectrum, ambient 
air during a nucleation event, with a CMD of 18 nm, showed a significantly higher 
deposition fraction of about 40%. This is consistent with the ICRP alveolar-deposition 
fractions shown in Table 1, where the deposition fractions for particles of 20 nm and 100 
nm are about 50% and 20% respectively. Similarly, the fractional surface area of the 
particles deposited in the alveolar region was lowest (17-19%) for petrol and ETS and 
highest (27%) for ambient air during a nucleation event. 
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The slopes of the NSAM versus SMPS lines bore no relationship to the respective 
CMD’s. This slope indicates whether the NSAM is overestimating (>1.0) or under-
estimating (<1.0) in comparison to the SMPS. We see that the NSAM under-estimates the 
surface area with ETS and printer emission particles and over-estimates for all the others, 
particularly for the smallest aerosols during an ambient nucleation event. It should be 
pointed out that, in the latter case, the high value of the slope may be due to the SMPS 
lower-size cut-off excluding most of the particles, rather than the response of the NSAM. 
It should be noted that in all other cases, the NSAM compares well, within about 20%, of 
the predicted value from the SMPS. The differences between aerosols may be due to 
several reasons, including particle morphology. 
 
The response of the NSAM for printer generated particles is linear for surface area 
concentrations up to about 300 μm2 cm-3 and displays an exponential rise thereafter.  At 
first, this suggests that the SMPS is generally under-estimating the surface area at high 
particle number concentrations. However, this is refuted by the observations with ETS 
where the linearity is retained up to values as high as 3000 μm2 cm-3. This suggests that 
there is some other property that is affecting the response of one or both instruments. 
Printer generated particles, unlike the other aerosols used in this study, are semivolatile.  
 
We conclude that particle concentration, particle size, particle morphology and 
composition are all parameters that affect the performance of the NSAM. While this 
study provided an important guide for the interpretation of data gathered by the NSAM, 
it did not attempt to explain the observed behaviour in the context of the underlying 
physical mechanisms. This task was beyond the scope of this study and warrants future 
investigations on its own. 
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Tables 
 
 
 
 
Aerodynamic 
diameter (nm) 
Tracheobronchial AIveolar TOTAL 
5 0.310 0.270 0.920 
10 0.225 0.470 0.880 
20 0.138 0.490 0.740 
50 0.084 0.310 0.460 
100 0.056 0.210 0.330 
200 0.034 0.150 0.300 
500 0.031 0.120 0.350 
700 0.040 0.110 0.420 
 
Table 1 
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 Petrol 
Emissions 
ETS Printer 
Emissions 
 Cooking 
Emissions 
Ambient 
No-
Nucleation 
Ambient 
Nucleation 
PNC max (cm-3) 4.2x104 3.0x105 1.3x105 
 
1.7x105 2.0x103 1.0x104 
PNC min (cm-3) 7.4x103 4.3x103 1.2x103 
 
1.1x104 4.4x103 1.7x104 
CMD (nm) 115 116 56 
 
49 51 18 
Number in 
Alveolar (%) 
21 22 31 
 
29 31 41 
Surface in 
Alveolar (%) 
19 17 26 
 
21 22 27 
NSAM/SMPS 
Slope 
1.07 0.78 0.96 
 
1.04 1.17 2.03 
 
Table 2 
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Table Captions 
 
 
Table 1:  Particle deposition fractions in the alveolar and tracheobronchial regions of 
the human lung for selected particle sizes from ICRP (1994). 
 
Table 2: Summary of observations. 
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Figure Captions 
 
 
Figure 1 : Typical petrol emission particle size distributions of (a) number and (b) surface 
area as measured by the SMPS. (I) indicates the inhaled size distributions as 
measured by the SMPS. (D) are the respective size distributions deposited in the 
alveolar region as calculated using the ICRP deposition fractions. 
 
Figure 2: Mean NSAM alveolar-deposition reading versus the total particle surface area 
concentration in the size range 20-400 nm deposited in the alveolar region as 
estimated from the SMPS for petrol emission particles. The broken line shows 
equality. 
 
Figure 3: Mean NSAM alveolar-deposition reading versus the total particle surface area 
concentration in the size range 20-400 nm deposited in the alveolar region as 
estimated from the SMPS for ETS particles. The broken line shows equality. 
 
Figure 4: The surface area distributions of laser printer-generated particles (I) measured 
with the SMPS in the chamber and (D) calculated deposition in the alveolar 
region. 
 
Figure 5: Mean NSAM alveolar-deposition reading versus the total printer-generated 
particle surface area concentration in the size range 20-400 nm deposited in the 
30 
 
alveolar region as estimated from the SMPS for printer-generated particles. The 
broken line shows equality. 
 
Figure 6: Alveolar-deposited surface area time series measured by the NSAM and the 
SMPS in the pizzeria. 
 
Figure 7: Mean NSAM alveolar-deposition versus the total particle surface area 
concentration in the size range 20-400 nm deposited in the alveolar region as 
estimated from the SMPS for indoor cooking particles. The broken line shows 
equality. 
 
Figure 8: Typical SMPS particle number size distributions during a non-nucleation event 
and nucleation event in ambient air. The open symbols show particles smaller 
than 20 nm. 
 
Figure 9: NSAM vs SMPS for ambient aerosols with and without a nucleation event. 
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Fig 7 
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